Background: To compare early visual changes in amyotrophic lateral sclerosis (ALS) patients with healthy controls in a baseline exploration, to follow-up the patients after 6 months, and to correlate these visual changes with neurological disability. Methods: All patients underwent a comprehensive neurological and ophthalmological examination. A linear mixed analysis and Bonferroni p-value correction were performed, testing four comparisons as follows: Control baseline vs. control follow-up, control baseline vs. ALS baseline, control follow-up vs. ALS follow-up, and ALS baseline vs. ALS follow-up. Results: The mean time from the diagnosis was 10.80 ± 5.5 months. The analysis of the optical coherence tomography (OCT) showed: (1) In ALS baseline vs. control baseline, a macular significantly increased thickness of the inner macular ring temporal and inferior areas; (2) in ALS follow-up vs. ALS baseline, a significant macular thinning in the inner and outer macular ring inferior areas; (3) in ALS follow-up vs. ALS baseline, a significant peripapillary retinal nerve fiber layer (pRNFL) thinning in the superior and inferior quadrants; and (4) ALS patients showed a moderate correlation between some OCT pRNFL parameters and Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised (ALSFRS-R) score. Conclusion: The OCT showed retinal changes in patients with motoneuron disease and could serve as a complementary tool for studying ALS.
Study Protocol
A multidisciplinary team examined each patient. This team included neurologists, pulmonologists, and ophthalmologists. All patients underwent an exhaustive complete neurological examination, including the ALSFRS-R scale, with the same neurologist [6] . For ophthalmological examination, both eyes of each patient were analyzed. All participants, ALS and controls, met the following inclusion criteria: (1) Being free of ocular disease, (2) Evaluation of Aged-Related Eye Disease (AREDS) Clinical Lens Standards <2, (3) being free of systemic disorders affecting vision, (4) having a best corrected visual acuity (BCVA) of more than 20/40, (5) having less than ±5 sphere-cylindrical refractive error, and (6) having intraocular pressure (IOP) less than 20 mmHg.
For screening, all ALS patients and control subjects underwent a complete ophthalmologic examination, including an assessment of BCVA, refraction, anterior segment biomicroscopy, measurement of intraocular pressure (IOP) with Goldman applanation tonometer (AT900, Haag-Streit, Köniz, Switzerland), dilated fundus examination, and a spectral-domain Cirrus HD-OCT Model 4000 (Carl Zeiss Meditec, Dublin, CA, USA; software version 6.2) analysis using Optic Disc 200 × 200 and Macular cube 512 × 128 scanning protocols [47, 48] . Macular thickness (MT), ganglion cell complex (GCC), cube volume, average cube thickness, and peripapillary retinal nerve fiber layer (pRNFL) thickness were measured via OCT Cirrus after pupil dilation. The mean values were considered for statistical analysis. All tests were performed by the same ophthalmologist under the same conditions for the baseline evaluation and the follow-up (after 6 months).
As in the Early Treatment Diabetic Retinopathy Study (ETDRS) [47] , MT data were displayed in three concentric rings centered in the fovea. These rings were distributed as follows: A central macular thickness (CMT) with a diameter of 1 mm, an inner macular ring (IMR) with a diameter of 3 mm, and an outer macular ring (OMR) with a diameter of 6 mm. The inner and outer rings were each divided into four quadrants (superior, inferior, nasal, and temporal). The total volume of the macula, as determined using OCT, was also used. The GCC covers two inner layers of the retina: IPL (inner plexiform layer) and GCL (ganglion cell layer), which were measured by special segmentation software provided by Cirrus HD-OCT Model 4000 (Carl Zeiss Meditec, Dublin, CA, USA; software version 6.2), checked by the ophthalmologist and re-centered if needed. The pRNFL average thickness was measured. Peripapillary RNFL was also segmented into four quadrants (superior, temporal, inferior, and nasal), and in 12 clock hours (H) (H3 denoting nasal, H6 inferior, H9 temporal, and H12 superior in a right eye). Left eyes (LE) were converted to right eyes (RE) with a specular image ( Figure 1 ). The analyzed area was centered manually and the absence of segmentation errors was confirmed for each scan. A good scan was one that met the criterion of a signal-to-noise ratio (SNR) >7/10. All measurements are provided in microns (µm), according to the calibration provided by the manufacturers, and the total volume in cubic millimeters (mm 3 ).
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Statistical Analysis

The normality of distribution was assessed with the Kolmogorov-Smirnov test. Non-parametric tests were used because data were not normally distributed. A mixed linear analysis was used, both in the baseline and the follow-up analysis, in order not to overestimate the statistical power of the results because both eyes of the patients were considered for the study. For the longitudinal part, we only compared the patients who attended the second visit with their baseline exploration. We performed four comparisons as follows: Control baseline vs. control follow-up, control baseline vs. ALS baseline, control follow-up vs. ALS follow-up, and ALS baseline vs. ALS follow-up. To verify any asymmetries between right eyes (RE) and left eyes (LE) in the OCT, a Wilcoxon test was also performed. To correlate functional and anatomical values with ALSFR-R, a Spearman rho test was employed.
Data were reported as mean values ± SD. All p-values were corrected using Bonferroni correction. A p-value < 0.05 was considered statistically significant.
Results
Demographic and clinical data of ALS patients and control groups are shown in Table 1 . The duration of the illness from the diagnosis to the ophthalmological evaluation ranged from 1 to 18 months (10.80 ± 5.5 months). All patients had a fast-progressive disease; therefore, half of them could not attend the second exploration due to poor health condition or death.
ALSFRS-R
The ALSFRS-R score showed statistically significant differences in the comparisons between control baseline (48.00 ± 0.00) vs. ALS baseline (29.50 ± 14.89) and control follow-up (48.00 ± 0.00) vs. ALS follow-up (35.6 ± 14.08) ( Table 1 ).
Best-Corrected Visual Acuity (BCVA)
No significant differences were found in BCVA in the Snellen chart in any of the comparisons between groups (Table 1) .
Visual Field (VF)
Overall, in VF parameters, we did not find statistically significant differences. We only found a statistical difference in the percentage of fixation losses (% FL) in the comparison of ALS baseline vs. ALS follow-up (Table 1) .
Optical Coherence Tomography (OCT)
The comparison between control baseline vs. control follow-up did not show statistical differences in the OCT parameters (MT, GCC, pRNFL).
Macular Thickness (MT)
The ALS baseline group showed a significant increased thickness in the inferior (326.91 ± 15. Table 2 ).
Ganglion Cell Complex (GCC)
Non-significant changes were found in the GCC thickness in any of the comparisons analyzed in the study (Table 3 ). 
Peripapillary Retinal Nerve Fiber Layer (pRNFL)
The comparison between ALS baseline vs. ALS follow-up showed significant thinning in the inferior (ALS baseline = 116. 65 Table 4 and Figure 4 ). 
The comparison between ALS baseline vs. ALS follow-up showed significant thinning in the inferior (ALS baseline = 116. 65 
Interocular Asymmetry
Overall, we found significant interocular asymmetries between LE and RE in:
(1) The ALS baseline group in the inferior-nasal area of GCC (RE: 80.60 ± 7.01 and LE: 73.80 ± 13.93 µm, p = 0.042) and in the sectors H7 (RE: 133.00 ± 24.69 and LE: 116.00 ± 34.62 µm, p = 0.022) and H9 (RE: 53.90 ± 11.51 and LE: 47.00 ± 5.93 µm, p = 0.020). (2) The ALS follow-up group: In the supero-nasal quadrant of the GCC (RE: 79.00 ± 9.27 and LE:
76.00 ± 11.53 µm, p = 0.043), in the temporal quadrant of pRNFL (RE: 68.40 ± 16.04 and LE: 58.60 ± 15.66 µm, p = 0.039), and in sectors H8 (RE: 75.00 ± 18.55 and LE: 63.00 ± 18.87 µm, p = 0.043) and H9 (RE: 50.80 ± 12.40 and LE: 44.20 ± 8.11 µm, p = 0.043).
Spearman Correlations between OCT Measurements and ASLFRS-R Score
In ALS baseline, neither functional (BCVA and VF) nor macular OCT parameters (MT, GCC) correlated with the ALSFRS-R score. However, some pRNFL OCT parameters correlated with ALSFRS-R (p < 0.05) in the inferior quadrant (ρ = −0.527) and sectors H5 (ρ = −0.647), H6 (ρ = −0.521), and H8 (ρ = +0.488) (Tables 1-4 and Figure 5 ). 
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Discussion
ALS is considered a complex neurodegenerative disease, comprising motor and extra-motor symptoms such as cognitive impairment, behavioral deficits, abnormalities in both brainstem auditory and visual evoked potentials, and subtle visual defects [8, 15, 16, 40, 51] . Few studies, especially those using the OCT to determine visual anomalies, relate ALS with the visual system [7, 16, [40] [41] [42] [43] [44] [45] [52] [53] [54] [55] because patients do not complain of visual problems, which are overshadowed by motor and respiratory symptoms. In this study, BCVA, VFs, and OCT were analyzed in patients with sporadic ALS and a spinal onset. The analyses were performed in a baseline study (n = 20) and in a 6-month follow-up, where only data of patients who were able to attend the second examination were considered (n = 10). 
ALS is considered a complex neurodegenerative disease, comprising motor and extra-motor symptoms such as cognitive impairment, behavioral deficits, abnormalities in both brainstem auditory and visual evoked potentials, and subtle visual defects [8, 15, 16, 40, 51] . Few studies, especially those using the OCT to determine visual anomalies, relate ALS with the visual system [7, 16, [40] [41] [42] [43] [44] [45] [52] [53] [54] [55] because patients do not complain of visual problems, which are overshadowed by motor and respiratory symptoms. In this study, BCVA, VFs, and OCT were analyzed in patients with sporadic ALS and a spinal onset. The analyses were performed in a baseline study (n = 20) and in a 6-month follow-up, where only data of patients who were able to attend the second examination were considered (n = 10).
The degree of neurological disability was determined using ALSFRS-R [6] . In the ALS group (baseline and follow-up), ALSFRS-R was significantly decreased compared with the control group (baseline and follow-up). However, in the comparison between ALS baseline vs. ALS follow-up, the ALSFRS-R showed a false improvement, because five patients with worse ALSFRS-R scores could not attend the second exploration due to poor health conditions or death.
In ALS patients (baseline and follow-up), we found a non-significant BCVA decrease compared with controls (baseline and follow-up), and none of the patients had complained of visual symptoms.
In ALS patients compared with controls (baseline and follow-up in both groups), we did not find significant differences in the VF parameters, except in the percentage of fixation loss. We think that this difference could be due to two factors: Patients who were experiencing more neurological disability did not participate in the second exploration, thus there were fewer patients in the ALS-follow-up (n = 10) than in ALS-baseline (n = 20) group. As no studies analyzing VFs in ALS patients were available, we applied the criteria used to conduct VF in Parkinson disease (PD) patients [49] . The ALS patients have worse reliability indicators, such as a higher rate of fixation losses, as well as false positives and negatives, than the control group. In our study, ALS patients experienced difficulties, especially with handwriting and salivation in the ALSFRS-R. Both problems could affect the execution of the VF test due to the difficulty in maintaining the correct posture and pushing the button of the campimeter.
Thus, it appears that the VF would not be an adequate test to evaluate ALS patients.
In the OCT analysis, we found retinal thickness changes in ALS. The MT in temporal and inferior IMR areas was significantly thickened in the ALS baseline group compared with the control baseline group. Other authors have detected non-significant increased thickness in the retina of these patients, especially in the outer plexiform layer (OPL) [7, 40, 41] . This macular increased thickness has also been found in other neurodegenerative diseases such as early Alzheimer disease (AD) [34] or Down's syndrome [31] . We hypothesize that the significant increase in MT in temporal and inferior IMR areas observed in our ALS patients could be caused by a process of protein aggregation [42, 52] and/or neuroinflammation, in which microglia have an important role in ALS pathogenesis [56] . Activated microglia exhibit morphological changes (retraction of processes and enlargement of the soma), migrate, and proliferate. Thus, microglia could be the cause of the increased thickness observed in some retinal areas in our study. Microglial activation has been reported in AD and PD patients in the brain and retina, and only in the brain in ALS patients in relation to protein aggregates and degenerated neurons [42, 52, [57] [58] [59] [60] . Ringer et al. analyzed microglia in retinal sections in a mice ALS experimental model SOD1G93A, and did not detect these changes [61] . On the other hand, in a recent study, in a mouse model of ALS (lacking Ranbp2 in motorneurons and retinal ganglion cells) in retinal whole-mounts, microglial activation was demonstrated [62] . Discrepancies between both studies can be due to the different methods used to study the retinal microglia. Ringer [62] study evaluated the microglial in retinal whole-mounts. The whole-mounts can allow a more reliable study of the microglial activation signs because microglial cells can be observed entirely. In addition, the increased thickness observed in our study could also be due to alterations in axonal transport. It has been proposed that axonal transport defects constitute one early molecular pathological mechanism in ALS mouse models [63] . Moreover, motorneurons rely particularly on mitochondria to buffer calcium and reduce the numbers of axonal mitochondrial due to the impairment of axonal transport and the disruption of calcium homeostasis. These changes reduce microtubule stability, worsening the bind of motor proteins to the microtubules, and thus, axonal transport enters in a vicious circle [64] . These observations suggest that defects in axonal transport could be responsible for the increase in soma size and the axonal calibre of retinal ganglion cells, which could produce the increased thickness observed by OCT in our study.
Roth et al. [7] did not find significant alterations in the thickness of the optic nerve in ALS patients compared with a control group using OCT. However, in our study comparing ALS baseline vs. ALS follow-up, we found significant thinning, both in MT (inferior IMR and OMR areas) and pRNFL (superior and inferior quadrants and in sectors H3, H5, H6, and H12). Other studies using OCT have also demonstrated a thinning of the MT and pRNFL in these patients [40] [41] [42] [43] [44] [45] . Volpe et al. [42] reported that in ALS patients compared with controls, the total macular volume was significantly thinner and 37.5% of ALS patients had a pRNFL average below the first percentile. They concluded that the total MT and pRNFL thickness were inversely correlated with the duration of the disease. In that study, the histopathological analysis showed a loss of retinal ganglion cell axons, which could explain the macular thinning observed using OCT [42] . Finally, Rohani et al. [45] suggested that the thinning of the pRNFL could be related to Wallerian degeneration secondary to the death of cortical neurons. Some studies [62] [16] showed a functional deficit in the sensory processing of the visual pathway to the brain measured by visual evoked potentials (VEPs), both in ALS patients and animal models. Cho et al. [62] found a delay in the latency of VEPs in an ALS animal model (lacking Ranbp2 in motorneurons and retinal ganglion cells), before changes of motor behavior occurred. This fact supports a delay in the transmission from the optic nerve to the visual cortex. Accordingly, Munte et al. [16] found electrophysiological evidence of a cortical involvement including visual areas in ALS patients.
Our results suggest that the MT increases in the temporal and inferior IMR sectors could be the first change found in the retina at the beginning of the disease. These results agree with the observations found in the early stages of AD, where macular increased thickness was also found [34] . In the longitudinal study (ALS baseline vs. ALS follow-up), the evolution from an increased thickness to a thinning, both in MT and pRNFL thickness, is remarkable. These changes in the thickness of both the macula and the pRNFL in the progression of ALS could explain why there are no significant differences between the baseline and follow-up ALS, since there could be a transition from thickening to thinning with an intermediate stage of normal thickness in the retina.
Differences found between our study and others in OCT measurements [7, [40] [41] [42] [43] 45, 52] could be due to the early stages of ALS in our patients. The duration of the disease in our patients (10.80 ± 5.5 months, ranging from 1 to 18 months) was shorter than in other published studies, including [45] . Therefore, classifying these patients according to the duration of the disease is important to obtain a better knowledge of the disease.
Discrepancies among different studies could also be due to: (1) The low number of participant patients, mainly because most of them do not complain of visual problems, and (2) ALS is a heterogeneous disease [41] . However, despite the lack or the low prevalence of visual problems, most studies concluded that these patients underwent retinal changes [40] [41] [42] [43] [44] [45] 52, 53] .
In the CNS, an asymmetric involvement in ALS has been suggested [65] [66] [67] [68] . Rohani et al. [45] noticed that a reduction in the pRNFL thickness only present in the LE in ALS patients, especially in the superior and nasal quadrants. Our observations were similar. In the ALS baseline group, LE thicknesses were thinner than those in the RE, both in the macular and pRNFL areas, being statistically significant in the inferior-nasal quadrant of GCC and in sectors H7 and H9 of the pRNFL sectors. In the ALS follow-up group, pRNFL thickness was thinner in the LE in the temporal quadrant and in sectors H8 and H9.
Some studies using OCT in ALS patients did not find a correlation between OCT parameters and ALSFRS-R score [7, [40] [41] [42] 44] . However, Simonett et al. [43] found a correlation between the thinning of the macular area and worsening pulmonary function tests. Rohani et al. [45] found a direct correlation between ALSFRS-R score and average pRNFL thickness in most quadrants. In our study, the ALS baseline group showed a moderate correlation between OCT pRNFL parameters and the ALSFRS-R score. We found an inverse correlation in the inferior quadrant and sectors H5 and H6, and a direct correlation in sector H8. Notably, in these quadrants and sectors, significant pRNFL thickness changes were also found in the comparison of ALS baseline with ALS follow-up (Table 4 and Figure 5 ).
One of the most important contributions of this work was the follow-up study. To the best of our knowledge, this is the first ophthalmological longitudinal study in ALS patients. The scarcity of follow-up studies could be due to the difficulty of following up with ALS patients due to their neurological disability. One of the main limitations of our study is the low number of patients because of the restrictive inclusion criteria. Another limitation is the low number of patients who could attend the second exploration. Therefore, further longitudinal studies with more patients are needed.
Conclusions
In conclusion, in ALS patients, OCT was the only ophthalmologic exploratory method that showed the first significant changes in the anterior visual system. The analysis of the OCT showed: (1) In ALS baseline vs. control baseline, a significant increased macular thickness in the temporal and the inferior areas of the inner macular ring; (2) in ALS follow-up vs. ALS baseline, a significant macular thinning in the inferior areas of the inner and outer macular ring; (3) in ALS follow-up vs. ALS baseline, a pRNFL significant thinning in the superior and inferior quadrants and H3, H5, H6, and H12; and (4) ALS patients showed a moderate correlation between some OCT pRNFL parameters and the ALSFRS-R score. The retina is a window to the central nervous system. Thus, OCT could be used as a complementary and clinical tool for the diagnosis and prognosis of ALS (and in particular, of fast progressing ALS).
